This paper reports the study of a Swept Source Optical Coherence Tomography (SS-OCT) setup to remove depth degeneracy for measurements performed with a rotating probe. One of the main drawbacks of SS-OCT is its inability to differentiate positive and negative depths. Some setups have already been proposed to remove this depth ambiguity by introducing a modulation by means of electro-optic or acousto-optic modulators. For cross-sectional imaging, we developed a setup that uses a piezoelectric fiber stretcher to generate a periodic phase shift between successive A-scans, thus introducing a transverse modulation. The depth ambiguity is then resolved by performing a Fourier processing in the transverse direction before processing the data in the axial direction. This approach can also be applied to a rotating probe with a cylindrical geometry by introducing phase shifts between A-scans belonging to successive rotations or between successive B-scans. In the later case, the depth degeneracy is removed by first performing a Fourier processing along the cylindrical axis. We validate this approach by processing images acquired with our catheterized probe based on a rotating fiber and fitted with a GRIN lens and a prism at the tip.
INTRODUCTION
In the context of the Managing Chronic Cardiovascular Disease project funded by the Genomics and Health Initiative (GHI) Program from National Research Council of Canada, we have developed catheterized probes for intravascular imaging. Some catheterized probes for OCT have been developed by other groups for nearly one decade.
1 Recently, a paper reviewed different kind of OCT catheterized probes. 2 Nowadays, even commercial products exist. 3 In this paper, we show how we can use our catheterized probe with an artifact removal swept-source OCT (SS-OCT) setup.
CATHETERIZED PROBE
The main application of our catheterized probe is angioplasty and our work is currently focused on the development of an optical probe in combination with a compliant balloon.
Probe Design
The design of this catheterized probe is classical. All the components are off-the-shelf commercial items. Figure 1 shows our catheterized probe. The probe is composed of an optical fiber with a gradient index (GRIN) lens glued at the end. Then, a right angle prism is glued at the end of the GRIN to reflected the light with a 90 degrees angle to the sample. For artery imaging, the imaging catheter is put into a compliant balloon at the distal end of a guiding catheter. The balloon is required for displacing blood.
Example of Time-Domain OCT Image
This probe was first tested with our time-domain OCT (TD-OCT) setup and Fig. 2 presents an image made inside an extracted porcine artery. 
LIMITATION IN FOURIER DOMAIN OCT
After using our catheterized probe with our TD-OCT setup, we tried to carry out measurements with our SS-OCT setup. One limitation in any kind of Fourier domain OCT (FD-OCT) setup (Spectral Domain OCT or Swept Source OCT) is that one needs to compute the Fourier transform to get the depth profile. Therefore, the A-scan is symmetric around the zero path delay. This leads to a mirror effect as illustrated in Fig. 3 . It is possible to remove the mirror image by reconstructing the complex spectral interferogram. By this way, the performances may be improved and will lead to:
• double the depth range (suppression of mirror effect),
• fully exploit the high sensitivity around the zero path delay.
Many techniques exist to remove this depth degeneracy using electro-optic modulator, 4 acousto-optic modulators, 5, 6 or 3x3 coupler. 7 Recently, some researchers' efforts focus on techniques based on phase shifting to rebuild the complex spectral interferogram. In FD-OCT, Yasuno et al. 8 and Wang 9 used a piezoelectric mirror to generate a phase shift between successive A-scans. Baumann et al., 10 An and Wang 11 and Leitgeb et al.
12
demonstrated that it is possible to introduce this phase shift by offseting the probe beam from the pivot point of the scanning mirror. At last, we proposed an experimental configuration with a piezolelectric fiber stretcher in SS-OCT to achieve a discrete phase shift. 13, 14 All these papers are based on a transverse modulation principle and the post-processing of the signal is based on a method first described in SD-OCT by Yasuno et al. 
"A TO A"-SCAN MODULATION

Principle
The principle is to generate a π/2 phase shift between consecutive forward A-scans. This is achieved with a piezoelectric fiber stretcher (PFS) inserted in the reference arm of the OCT interferometer. Figure 4 gives the shape of the low voltage applied to the PFS. 
OCT signal (1) PFS Drive signal (2) Depth Sync. (3) Figure 4 . (1) OCT signal, (2) PFS Drive Wave, (3) Depth synchronization. The PFS drive wave is synchronized with the depth sync. signal. Each step of the PFS drive wave happens for a forward wavelength scan.
The waveform is generated by an open loop waveform synthesizer. One A-scan out of 2 was dropped to make the transition easier. In a future implementation a dedicated driver will be used to make the transition sharper thereby enabling the use of every A-scans.
Once the phase shift is generated, we need to post-process the data to get the complex spectral interferogram. It is based on the computation and the filtering of the transverse Fourier transform and is fully described is various papers.
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Experimental Setup
The experimental setup is shown in Fig. 5 . This is a Mach-Zehnder fiber-based interferometer. The source is a Thorlabs swept-source with a 1325 nm center wavelength and an 85 nm FWHM. The theoretical axial resolution is δz = 9.1 µm in air. The A-scan rate is 15.9 kHz when using both the backward and the forward wavelength scans. The setup is fitted with a PFS from Optiphase (PZ1-STD-FC/APC ). This PFS consists of around 10 m of fiber wound around a cylindrical piezoelectric transducer. By applying a voltage to the piezoelectric transducer, we can stretch the fiber and change the phase of the signal. Once the phase shift is generated, the light coming from the reference and the sample arms are mixed by the output coupler Cp3. The output signal is then detected with a balanced receivers from New Focus. At last, the data is acquired with a 14-bit acquisition board with a 50 MHz sampling frequency. 
Point Spread Function
To evaluate the efficiency of our artifact removal technique, the point spread function of the system is plotted on Fig. 6 . The lower attenuation of the mirror effect happens for higher depths, in our case for 2 mm. In the range [−1.0 : +1.0] mm, the artifact removal is at least 27 dB. The maximum attenuation is greater than 32 dB in the range [−0.5 : +0.5] mm. This attenuation value is high enough to get images of good quality as shown in the next section. Figure 7 shows an example of an SS-OCT image of an onion achieved with the piezoelectric fiber stretcher setup before and after signal processing. Here, the DC artifact is completely removed and the mirror image is greatly reduced. The cells under the skins of the onion can be clearly seen. 
Image with a transverse scan
Image with a rotational scan
Since this technique gives good results with a transverse scan, we tried to applied it to a rotational scan. Figure 8 presents an image of a very simple sample, an aluminium tube, to show the principle of the method. On the left image, DC artifact as well as mirror image can be seen on the image. Thanks to the A to A-scan modulation, these artifacts have been removed on the right image. It means that this technique can be applied to a rotating probe. However, 15000 A-scans/rotation have been required to get such an image without artifacts. 
Limitation of "A to A"-scans modulation with rotational scan
In the case of the previous transverse scan, the spot size is 24 µm. With such a probe, it was shown 14 that the transverse modulation is quite efficient when the transverse step is smaller than 1 µm. In the case of a rotational scan, our catheterized probe has a spot size in the same range than our linear probe. It means that we also need a 1 µm step between adjacent A-scans. However, with a rotational scan, the step between two successive A-scans will depend on the distance from the rotation center to the sample. Thus, it can be written that the rotational step is ∆r = α · R where α is the angle between two successive A-scans and R is the distance from the rotation center to the sample. For example, if R = 2 mm and if we want that αR = 1 µm, then α = 0.0005 rad. It means that 12566 Ascans/rotation are required to get an efficient artifact removal. Therefore, it's a lot of data to process. Here we propose a new modulation technique for removing the mirror artifact with a rotating probe.
"B TO B"-SCAN MODULATION
Principle
Instead of doing a π/2 phase shift between two successive A-scans, a π/2 phase shift between two successive B-scans is achieved. The principle is shown Fig. 9 . In that case, each slice of the 3D volume in phase shifted by π/2. The signal processing is quite similar to the one used for an "A to A"-scan modulation. 
Preliminary result
Preliminary result has been obtained and shown in Fig. 10 . The sample is again an aluminium tube. Here, the processing is applied over 24 B-scans (one B-scan here means one rotation) composed of 512 A-scans. Using the "B to B"-scan modulation, the mirror artifacts have been removed for the reflections fiber/GRIN, prism/air and for the plastic tube. The mirror artifact of the sample is still strong. But in that case, it lies before the position of the rotation center in the image and will be discarded in the remapping process. Figure  11 shows the same image as the previous figure but remapped as a circular image. We see in that case, that the mirror artifacts have been greatly reduced.
CONCLUSION
We have demonstrated a transverse modulation technique to remove mirror artifacts in Fourier domain OCT using our catheterized probe for angioplasty. The A to A-scans modulation works well in that case but needs a lot of data to process (15000 A-scans/rotation). We have also demonstrated a new modulation technique which consists in generating π/2 phase shift between adjacent B-scans. Some encouraging preliminary results have been achieved. 
